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INVESTIGATION ON HYDRODYNAMIC 
PERFORMANCE OF HEAVE PLATES
UNDER	SEMI-SUBMERSIBLE	FLOATING	WIND	TURBINES
INTRODUCTION
Wind is a clean, free and inexhaustible source of ener-
gy. In recent years, there has been increasing efforts to 
harness wind energy. Developments are moving towards 
deeper waters, which offers more advantages like lower 
noise levels and fewer size limitations.
Based on current design and installation techniques for 
offshore drilling platforms, there are three main floating 
wind turbine base platform designs. Other than spar and 
tension leg platforms, the other popular option is the 
semi-submersible type wind turbine. Designs of exist-
ing semi-submersible floating wind platforms consist of 
three cylindrical columns arranged in a triangular format 
and connected by bracings, with an apex of the triangle 
usually facing the direction of incoming waves. Details in 
the design are extremely important, as extreme platform 
motions will affect operations and if they exceed certain 
limits, it may result in downtime for the wind turbine, 
resulting in a reduction in energy yield.
Resonance occurs when the natural frequency of the 
platform coincides with the frequency of incident waves. 
This can be avoided, by either increasing the damping of 
the system, through inducing viscous effects from flow 
separation and vortex shedding, or increasing the natural 
heave period beyond the dominant wave energy range, 
by adding heave plates to the bottom of the columns to 
increase added mass.
In order to find out the hydrodynamic responses of 
heave plates, previous experimental and numerical 
studies simulated the plates within oscillatory flow or 
force-oscillated under still water conditions. Results are 
usually presented using two non-dimensional parame-
ters, the KC number and the Reynolds number.
With U
m
 as the velocity amplitude of flow, D as the 
diameter of column or heave plates, T as the period of 
oscillation and υ as the kinematic viscosity of fluid.
Together they can be combined to form another non-di-
mensional frequency parameter:
by	Dr	Arun	Dev,	Associate	Professor,	Marine	Technology,	
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This article presents the effects of heave plate diameter and thickness 
on hydrodynamic coefficients and responses. In order to reduce heaving 
responses in offshore structures, heave plates are commonly used 
and a model which will display the effects of heave plates without the 
interference of other supporting braces and structures was used in this 
research with structural properties neglected. MOSES, a potential flow 
theory software, from Bentley Systems, was used to estimate the added 
mass and damping coefficients as well as the hydrodynamic response in the 
time domain.
However, as viscous effects are neglected, the cases were simulated in 
Autodesk CFD, where viscous forces can be considered as a factor, and compared against published 
results. From this study, it was found that the Keulegan-Carpenter (KC) number has to be taken into ac-
count when deciding the thickness of plates and wave amplitude was one of the key deciding factors for 
determining the heave plate diameter. It was expected that the data would contribute to determining 
the basic dimensions for circular heave plates under semi-submersible offshore floating wind turbines.
Dr Arun Dev
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Heave plates were first investigated for use on tension 
leg platforms and spar platforms. Early papers such as 
Thiagarajan and Troesch (1994) and Magee et al (2000) 
investigated the addition of heave plates for tension leg 
platforms and showed that even in small currents, it is 
able to increase the damping significantly.
Li et al (2013) experimented with square heave plates 
with three plate thickness ratios on square plates, 
through forced oscillation and obtained added mass and 
drag coefficients over a range of frequencies. Subbu-
lakshimi et al (2015) investigated the hydrodynamic 
response of spar with heave plates, numerically, using 
WAMIT software, and found a range of diameter ratios 
for significant heave reduction. Sudhakar and Nallayarasu 
(2011), as well as Subbulakshmi and Sundaravadivelu 
(2016), conducted experiments on scaled down spars 
with heave plates attached, and the results agreed with 
Subbulakshimi et al (2015), over the range of diameters 
for optimum heave response. Tao and Cai (2003) inves-
tigated diameter ratios as well as thickness to diameter 
ratios numerically. The results presented the influence 
of geometry ratios and KC numbers on hydrodynamic 
coefficients, heave response and Response Amplitude 
Operators (RAOs).
Robertson et al (2014) performed a collaborative 
investigation to simulate a common floating offshore 
semi-submersible wind turbine, to look at the differ-
ences in results and responses, under different codes. 
However, in the model used for the design, the heave 
plate diameter and thickness, of 24 m and 6 m, respec-
tively, seem to be larger than that needed, according to 
previous research.
To investigate the effect of heave plates on hydrodynamic 
coefficients, eg added mass and damping coefficients, in 
addition to hydrodynamic heave responses, the potential 
flow solver, MOSES, was used and a Computational Fluid 
Dynamics (CFD) software, Autodesk CFD, was also used, 
in order to take into account viscous drag flow around 
the model, and to compare the heave response results 
with those from MOSES. Therefore, the aim of this work 
was to investigate the hydrodynamic performance of 
heave plates with different diameter and thickness ratios 
for semi-submersible floating wind turbines and see if 
the data can be optimised for further development and 
research.
MODEL SPECIFICATION
The model considered for this study was based on the 
prototype design from NREL’s DeepCWind, as seen in 
Robertson et al (2014) and shown on the left of Figure 1. 
Similarly, the deck of the platform is elevated 10 m above 
the Still Water Level (SWL), with the draught of the 
platform set at 20 m. The platform used for this research, 
as shown on the right of Figure 1, consists of three main 
columns, three sets of heave plates below the columns 
as well as braces above the waterline to connect the 
columns above the waterline, to obtain accurate results 
for the plates and body, without the interference of 
other cross bracings seen on the original DeepCwind. In 
this research, a total of four cases, up to a diameter ratio 
of 1.6, were considered. In addition, three different plate 
thickness ratios were also investigated, with dimensions 
as shown in Table 1. The density of the steel used in 
this study was set at 7850 kg/m3 for the calculation and 
definition of weight and radius of gyration,within MOSES 
and Autodesk CFD.
In this research, bending was neglected in the platform 
and internal stresses were not considered. For a realistic 
system, columns would need to be thicker and more 
bracing and stiffeners would have to be added to the 
model, however for just analysis, they were omitted from 
this research along with the wind turbine structure.
Figure 1: (a) DeepCwind floating wind turbine design and (b) Floating wind platform design used for this study.
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MOSES
MOSES is a potential flow engineering tool used to 
predict loads on offshore structures in different sea en-
vironments. MOSES has three types of solution models, 
based on strip theory and diffraction theory, which take 
into account radiation damping but not viscous damping, 
and on the Morison equation which takes into account 
viscous drag but not radiation damping. In this study, the 
efforts were directed at solving for forces and responses 
using diffraction theory. The model would be able to 
capture excitation from waves and radiation, however, it 
would not be able to capture viscous forces. In obtaining 
diffraction solutions, the panelling method is one of the 
most common methods for modelling potential loads.
In order to maximise the accuracy of the solution, the 
panels of the model were refined as necessary, with the 
recommended amount of panels around 1000. Thus, in 
this study, a maximum distance of 8 m was defined with 
the solver automatically refining the panels, as needed.
A total of three sea states, as seen in Table 2, was used 
for testing the hydrodynamic response of the models 
in this section, with slightly differing wave periods and 
heights.
Time domain analysis had to be conducted, in order to 
determine the hydrodynamic heaving response of the 
platform and thus mooring lines needed to be defined. 
A soft mooring line, with negligible influence on the 
platform, was used, in order to get the full damping of 
motion from the heave plates without interference from 
pre-tensioning of mooring lines.
RESULTS
Added	mass	and	damping	coefficients
Based on Sarpkaya (2010), an estimation of added mass 
coefficients and natural period of the cases is shown in 
Table 3. Figures 2 and 3 show the added mass and damp-
ing coefficients, computed using MOSES. Higher added 
mass coefficients are reflected for Cases 2 to 7 with 
heave plates, which are expected. However, for Case 
1, the added mass coefficients from MOSES are larger 
than estimated, even though there are no heave plates 
attached. As the added mass coefficients are computed 
by MOSES, based on DNV-RP-C205, the values expected 
should not differ much from the estimated values. For 
the different thicknesses investigated, they were also 
expected to have similar and higher added mass coeffi-
cients, according to what Li et al (2013) reported, where 
thickness has little influence on added mass of the plates 
other than at higher KC numbers. On the other hand, the 
thicknesses used for this study were larger compared to 
the plates Li et al (2013) experimented with. Therefore, a 
slightly larger difference in added mass is seen.
As seen in both added mass and damping coefficients, 
around a period of 13, the values may show a bit of fluc-
tuation due to the encountering frequency being near 
the natural frequency of the cases. For some cases, it 
seems the fluctuation in values occurs at points that are 
different from those expected, which could be attributed 
to an error in the panelling of the model during solving.
Case 1 2 3 4 5 6 7
Column Diameter, D
c
 (m) 12 12 12 12 12 12 12
Draught (m) 20 20 20 20 20 20 20
Column Length (m) 20 19.67 19.34 18.68 19.67 19.67 19.67
Heave Plate Diameter, D
p
 (m) - 13.2 13.2 13.2 14.4 16.8 19.2
Diameter Ratio (D
p
 / D
c
) - 1.1 1.1 1.1 1.2 1.4 1.6
Heave Plate Thickness, t
p
 (m) - 0.33 0.66 1.32 0.33 0.33 0.33
Aspect Ratio (t
p
 / D
p
) - 0.025 0.05 0.01 0.025 0.025 0.025
Table 1: Details of floating wind platform designs
Added	Mass
Coefficient,	Ca
Natural
Period,	Tn, z
Case 1 0.127 9.525
Case 2 0.211 9.889
Case 3 0.210 9.903
Case 4 0.209 9.931
Case 5 0.310 10.307
Case 6 0.563 11.303
Case 7 0.893 12.500
Table 3: Calculated values of added mass coefficients and natural periods
Sea	State	 Wave	Period	(s) Wave	Height	(m)
1 6.5 1.4
2 8.1 2.44
3 9.7 3.66
Table 2: Sea states used in the MOSES modelling
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From Figure 3, a higher diameter ratio gives a higher damp-
ing ratio, as shown by Cases 6 and 7. Tao and Cai (2003) 
similarly reported that larger diameter and thinner plates 
generally gave higher damping. Case 2 also showed higher 
damping coefficients compared to Cases 3 and 4.
Aspect	Ratios
According to the results of Tao and Cai (2003), there is 
lower damping expected for a range of aspect ratios, 
from 0.1 to 0.16, due to the forces of viscosity and 
convection cancelling out each other for a KC of 1.0, and 
damping will begin to increase once the aspect ratio is 
reduced. Even though MOSES is unable to account for 
viscous damping as water is assumed to be inviscid, the 
hydrodynamic response results for Sea State 3 in Figure 6 
agreed with the studies where Case 4 showed the worst 
heave response of the three and Case 2 showed the best.
For Sea State 2, where the KC number is about 0.75, Tao 
and Thiagarajan (2003) obtained results similar to those 
of Tao and Cai (2003) and showed that the range of 
aspect ratios that results in lower damping corresponds 
to a KC of 1.0. Figure 5 also showed similar inclinations as 
Figure 6 where Cases 3 and 4 have the worst performing 
heave plates and Case 2 has the thickness with the best 
heave response.
As for Sea State 1, which corresponds to a KC number 
of 0.345, previous studies showed results only at lower 
or higher KC numbers. However, looking at the results 
of Tao and Cai (2003) and Tao and Thiagarajan (2003), 
from the trend, Case 4 should no longer have the worst 
response as the range of thicknesses with lower damping 
is now affecting smaller aspect ratios, and the expected 
aspect ratio that will result in lowest damping should be 
around 0.05. As shown in Figure 4, Case 3 did show signs 
of higher heave responses with Case 2 still the best and 
Case 4 having slightly better responses.
The results from the three different thicknesses showed 
the same trend, with the thinnest plate at 0.33 m 
showing the least amount of heave over the period of 
1000s, which agrees with Tao and Cai (2003), where they 
reported that a minimum thickness should be chosen in 
order to maximise damping. However, all three cases did 
not seem to have the exact same results as the published 
results and this could be due to viscous effects not being 
a factor in MOSES.
Diameter	Ratios
At a low KC number, responses from different diameter 
ratios are not expected to show large variation, as  com-
pared to those for higher KC numbers. Nonetheless, from 
the results of Tao and Cai (2003), a damping ratio of 1.6 
was expected, to reduce the heave response by half, as 
shown in Figures 7 and 8.
On the other hand, at a higher KC number, near 1.0, a 
diameter ratio of 1.6 should significantly show better 
heave response when compared to that for smaller 
diameter ratios. Despite that, Case 7 actually showed the 
worst heave responses in Sea State 3, with Case 2 show-
ing the best. Probably, owing to the fact that viscous 
damping was not a factor in this solver, the results of 
Figure 9 did not accurately portray the results from Tao 
and Cai (2003). This shows that heave plates, subjected 
to different wave conditions and KC numbers, would 
show different responses.
The results reflected the computed data through the 
use of potential flow theory software which matched 
the studies to a certain extent. However, as the soft-
ware is unable to take into account all hydrodynamic 
forces on the model and damping resulting from 
viscous effects, it is important to simulate the cases 
within Autodesk CFD, when viscous damping becomes 
another factor, as radiation damping accounts for a 
very small percentage of damping.
Figure 2: Added mass coefficient
Figure 3: Linear damping coefficient
Figure 4: Heave response of plates in Sea State 1
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AUTODESK	CFD
For this study, Autodesk CFD was used for easier model-
ling of geometries and to account for the viscous drag.
SETTING UP SIMULATION DOMAIN
The 1:80 prototype is scaled down from the dimensions 
used in MOSES, as Autodesk CFD is not able to mesh the 
model and domain for accurate results within a reason-
able amount of time. In Figure 10, air and water domains 
are modelled with the prototype a distance away from 
the inlet and outlet, with the scaled down depth of the 
water domain equivalent to a water depth of 200 m. 
Since the prototype and domains are scaled down, the 
sea states used for simulations also have to be scaled 
down accordingly and are shown in Table 4.
An inlet velocity is pre-defined and boundary conditions 
with pressure equal to zero are defined at the outlets and 
where there would be atmospheric pressure. Sides with 
no boundary conditions applied were assumed to feature 
no-slip conditions. To prevent backflow of water unable 
to exit the domain, an outlet velocity is defined at the air 
outlet and for this study, a velocity of 0.0005 m/s was used 
to prevent too much water from exiting the domain.
As Autodesk CFD does not allow the mixing of liquids, 
the air domain is also defined with water as the medium. 
As an initial condition, the height of fluid is defined for 
the water domain, at the beginning of the simulation. 
To understand the hydrodynamic heave response for 
the different cases, the model is constrained, so that it 
moves only vertically, that is, in the Z-direction.
RESULTS
Aspect	Ratios
In Sea State 2, Case 3 showed the smallest heave re-
sponse in comparison to Cases 2 and 4 which showed 
Figure 7: Heave response of plates in Sea State 1
Figure 8: Heave response of plates in Sea State 2
Figure 9: Heave response of plates in Sea State 3
Figure 10: Computational domain used for Autodesk CFD
Sea	State	 Wave	Period	(s) Wave	Height	(m)
1 0.7267 0.0175
2 0.9056 0.0305
3 1.0845 0.04575
Table 4: Scaled down sea states for simulation
Figure 5: Heave response of plates in Sea State 2
Figure 6: Heave response of plates in Sea State 3
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larger heave responses, with sudden increases and 
decreases in heaving. As the KC number for this sea state 
is quite close to the KC number of 0.075 investigated  
by Tao and Thiagarajan (2003), a similar trend in the 
results was shown. As the thickness ratio reduces, the 
damping ratio starts to increase and within a range of 
thickness ratios, between 0.024 and 0.036, significantly 
lower damping ratios were seen, probably due to the 
forces of viscosity and convection cancelling each other, 
resulting in the decrease in damping. As the thickness 
ratio starts to get even smaller, the damping ratio in-
creases sharply again. Therefore, Case 2, with a thickness 
ratio of 0.025, is expected to perform the worst and 
Case 3 is expected to perform the best, before the drop 
in damping is expected. From Figure 12, it can be seen 
that the results are exactly as Tao and Thiagarajan (2003) 
reported. However, for Sea State 1 in Figure 11, given the 
KC number is close to that of Sea State 2, a higher heave 
response was seen in Case 3 which was supposed to give 
the best heave response.
In Sea State 3, as the KC number increases, the range 
of thickness ratios, where damping is affected by the 
forces of viscosity and convection cancelling each other, 
gets wider and affects larger thickness ratios. From 
the results of Tao and Thiagarajan (2003) and Tao and 
Cai (2003), looking at the trend in both results, Case 3 
should be around the range where the lowest damp-
ing is expected. From Figure 13, Case 3 did match the 
results predicted, with Cases 2 and 4 having a slightly 
larger heave response.
Diameter	Ratios
In Sea State 1, which is shown in Figure 14, all cases 
showed rather similar heave responses. A few cas-
es showed fluctuations, with sudden increases and 
decreases every few seconds. In comparison with the 
results of Tao and Cai (2003), even at a low KC number, 
a response should be expected from a higher diameter 
ratio and Case 7 was expected to have the best heave 
response. Yet, Case 7 showed the largest fluctuations 
in heave response, occurring every few seconds, while 
the other three showed similar heave responses with 
smaller fluctuations.
Similarly, in Sea State 2, the best heave response was 
again expected from Case 7, and from Figure 15, the 
results reflected this exactly. The results for Case 5 were 
also comparable, while those for Case 2 were the worst.
In Sea State 3, at a higher KC number, there should be 
a large difference in damping for the different cases, as 
shown by Tao and Cai (2003). Even though Case 7 did 
show the best heave response out of the four cases, to-
wards the end of the graph, responses of all four graphs 
did not vary significantly.
Tao and Cai (2003) reported that using a heave plate 
diameter extension, around four times the heaving 
amplitude, would roughly give the best heave response 
for the particular condition. From the results of the three 
sea states, it can be seen that the plate diameter per-
formance for a particular sea state is comparable to that 
expected for large plate diameters. 
Figure 11: Heave response of plates in Sea State 1
Figure 12: Heave response of plates in Sea State 2
  Figure 13: Heave response of plates in Sea State 3 Figure 14: Heave response of plates in Sea State 1
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DISCUSSION
The results from MOSES and Autodesk CFD cannot be 
directly compared, due to the fact that the Autodesk CFD 
results were obtained from a scaled down simulation.
For the results of aspect ratios in MOSES, as there were 
no exactly similar results that could be used for compar-
ison, for Sea State 1, by looking at the trend, the results 
were comparable to what was expected for that KC num-
ber, from the results of Tao and Cai (2003) and Tao and 
Thiagarajan (2003). Sea States 2 and 3 showed similar 
results to those reported by Tao and Cai (2003) and Tao 
and Thiagarajan (2003).
In Autodesk CFD, the KC numbers used were much small-
er, due to the scaled down sea conditions. Sea States 1 
and 2 had the lowest KC numbers which were compared 
to the results of Tao and Thiagarajan (2003). Sea State 2 
shows the exact same result as predicted, however, Sea 
State 1 showed Case 2 having a worse response than 
Case 3 which was expected to have the worst response. 
Since Sea State 3 was also at a KC number not previously 
investigated by the two authors, similar to the results 
from MOSES, by looking at the trends for other KC num-
bers, they matched the prediction quite accurately.
At a low KC number, the results using  MOSES and from 
Autodesk CFD agree with the results of Tao and Thiaga-
rajan (2003) and Tao and Cai (2003), with regard to the 
aspect ratio. However, since only one higher KC number 
is covered in this study, further investigation has to be 
done to validate the results of previous research.
From the results on diameter ratios, from MOSES, 
both Sea States 1 and 2 showed results, in accor-
dance with those of Tao and Cai (2003), indicating 
that a larger diameter should show a smaller heave 
response, by around half, for a diameter ratio of 1.2. 
Sea State 2 surprisingly showed that Case 7 per-
formed the worst when it should have been one of 
the better-performing diameters. However, based on 
the fact that Tao and Cai (2003) also reported that a 
plate diameter should be chosen, that is four times 
the wave amplitude, all three sea states did not show 
the results, with MOSES. On the other hand, the re-
sults from Autodesk CFD, which has viscous forces as 
a factor, reflected the findings quite accurately, with 
Sea State 1 showing smaller plates performing better 
and Sea State 3 showing larger plate diameters per-
forming better.
Potential flow theory portrayed accurately that higher 
diameters do provide better responses, however, only 
Autodesk CFD reflected the results of Tao and Cai (2003), 
where for a heave plate, with a diameter extension of 
four times the heaving amplitude, the hydrodynamic re-
sponse is comparable to better responses of larger heave 
plate diameters.
Since MOSES is a potential flow theory solver, the hy-
drodynamic response will not be as accurate, since the 
viscous effects are not taken into account. However, the 
added mass did not seem to have an effect, as expected, 
which could have been a result of panelling errors. The 
response of the models may have been affected, as a 
result.
As Autodesk CFD is not used for evaluating the response 
of offshore structures in water, it is unable to produce 
results of hydrodynamic coefficients and RAOs. As it is 
unable to take into account how buoyant the structure 
is in water, and it is not possible to specify the centre of 
gravity and buoyancy in the software, the results may 
not be accurately presented. One of the main factors 
that influenced the results of this research was the 
water level in the domain. As Autodesk CFD is unable to 
apply absorbing boundary conditions, as investigated by 
Luppes et al (2010), there may be a backflow due to the 
water being unable to leave the domain and flooding 
the air domain, as shown by the image at the bottom of 
Figure 17, unless physically applying an outlet flow. For 
this study, a velocity of 0.0005 m/sec was used at the 
air outlet to remove any water stuck around the outlet. 
However, the velocity used is just a simple way to get the 
water out, which may have an unimaginable impact on 
the entire simulation. The velocity used was seen to give 
a reasonable response for Case 7, as seen in Figure 18. 
One of the results of the outlet velocity is the reduction 
of water in the domain, as seen in Figure 19. This would 
have resulted in a certain degree of inaccuracy in the re-
sults, as the water level would not be constant through-
out the entire simulation.
Figure 16: Heave response of plates in sea state 3
Figure 15: Heave response of plates in Sea State 2
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CONCLUSION
A series of heave plates, with varying diameters and 
thicknesses, were investigated numerically and present-
ed with their hydrodynamic coefficients and responses. 
Based on MOSES and Autodesk CFD, the following con-
clusions were formed.
• Autodesk CFD could be a potential software to simu-
late offshore structures, if the extraction of the centre 
of gravity,buoyancy as well as hydrodynamic data and 
coefficients are possible.
• Investigations have to be conducted in Autodesk CFD, 
on larger KC numbers for various plate thickness ratios.
• The effect of scale factors on the results from Au-
todeskCFD has to be further investigated.
• Depending on the KC number, the range of thickness-
es, where lower damping is experienced, has to be 
avoided, to minimise heave responses. 
• Even with a range of optimum diameter ratios, from 
1.2 to 1.6, heave plate diameters for different plat-
forms should be designed, based on the common 
operating conditions nearby. Using a heave plate with 
four times the wave amplitude is generally found 
to minimise damping, that could only have been 
achieved at larger diameters. 
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